The rotational spectra of the mono-deuterated isotopologues of trans-formic acid, trans-DCOOH and trans-HCOOD, were investigated. In the millimeter-and submillimeter-wave frequency regions the Lamb-dip technique was exploited to obtain sub-Doppler resolution and to resolve the hyperfine structure due to the deuterium and hydrogen nuclei, thus enabling the accurate determination of the corresponding hyperfine constants. The experimental determination was supported by high-level quantum-chemical calculations at the coupled-cluster level of theory using large atomic-orbital basis sets. The Lamb-dip measurements were also supplemented by THz Dopplerlimited measurements in order to extend the predictive capability of the available spectroscopic parameters to higher frequencies.
INTRODUCTION
Formic acid (HCOOH) was detected in the interstellar medium for the first time in 1971 (Zuckerman et al. 1971) and it is assumed to play an important role in the interstellar chemistry as a possible building block for other organic compounds. The astrophysical and astrochemical relevance of HCOOH has been discussed in detail by Lattanzi et al. (2008) . These authors also emphasize the general need of accurate spectroscopic measurements in the submillimeter-wave and THz frequency ranges, as the vast spectral coverage and the high sensitivity provided by the Herschel Space Observatory and the Atacama Large Millimeter Array (ALMA) can be exploited only if supplemented by extensive laboratory data for line identification. In particular, observations with these tools require the knowledge of transition frequencies in the frequency regions mentioned above with accuracies preferably better than 100 kHz. Lattanzi et al. (2008) also pointed out that extrapolations from lowfrequency laboratory measurements to higher frequencies may be inaccurate and not reliable (see also Drouin et al. 2006 and Lattanzi et al. 2007 ). For the reasons mentioned above, we report in the present work a spectroscopic investigation of DCOOH and HCOOD in the THz frequency region as well as subDoppler measurements in the millimeter-and submillimeterwave frequency ranges. While the former allow to determine high-order centrifugal-distortion constants, the latter measurements are used to improve the accuracy of the rotational constants of DCOOH and HCOOD and to resolve the hyperfine structure in their rotational spectrum.
The hyperfine structure in the rotational spectra of D-containing species can be resolved in astronomical observations as, for example, demonstrated by Van der Tak et al. (2005) in their observations of H 2 D + to study the kinematics at the center of the pre-stellar core LDN 1544, by van der Tak et al. (2009) in their detection of the ground-state (J = 1-0) rotational transitions of DCO + and DNC by means of the IRAM 30 m telescope toward the dark cloud LDN 1512, and by Dore, Caselli and coworkers (Dore et al. 2004; Caselli & Dore 2005) in their astronomical detections of the J = 1-0 rotational transition of N 2 D + and DCO + . Therefore, in addition to the accurate determination of rotational constants, the relevance of the subDoppler measurements carried out in the present work is due to the fact that hyperfine splittings provide the possibility of measuring the optical depths of molecular lines, which in turn allow us to estimate molecular column densities. Furthermore, knowledge of the hyperfine structure is essential for deriving the kinematic structure of interstellar clouds from observations of molecular line profiles.
The reason to choose DCOOH and HCOOD for the present investigation is based on the astrophysical importance of their parent compound, HCOOH, as well as due to recent observations of very high D/H ratios for some interstellar molecules, i.e., up to 1000 times that of the Galactic value (see, for example : Ceccarelli 2002 and Roueff & Gerin 2003) . In this context, it should also be mentioned that for some common interstellar molecules such as water, ammonia, hydrogen sulfide, and formaldehyde the corresponding double deuterated species have been detected. In the case of ammonia also the triply deuterated isotopologue was observed (see Butner et al. 2007 for an account). Therefore, although the interstellar existence of HCOOD, DCOOH, and DCOOD has so far not been confirmed, we consider the improvement of their spectroscopic parameters of importance for future radioastronomical observations. As DCOOD was already investigated in detail in Cazzoli et al. (2011) , the present work focuses on the mono-deuterated species, namely DCOOH and HCOOD. As in our previous investigations of the main isotopic (Cazzoli et al. 2010b ) and doubly deuterated species (Cazzoli et al. 2011) , we report in the following a joint theoretical and experimental study, in which quantum-chemical calculations guided the experimental investigations of the hyperfine structure of the rotational spectra and were used to validate the analysis of the experimental findings. As formic acid exists in two rotameric forms with the cis-rotamer lying approximately 1365(30) cm −1 higher in energy than the trans form (Hocking 1976; Winnewisser et al. 2002; Demaison et al. 2007; Lattanzi et al. 2008) , the latter isomer is about 800 times more abundant at room temperature and was thus the sole topic of the present study.
EXPERIMENTAL DETAILS
For both DCOOH and HCOOD, Lamb-dip as well as conventional Doppler-limited measurements were carried out. The former were performed in the millimeter-and submillimeterwave region (80-600 GHz) and the latter in the 1.0-1.5 THz frequency range.
Lamb-dip measurements were performed employing a frequency-modulated, computer-controlled spectrometer in combination with a conventional free-space cell (Cazzoli & Dore 1990a) . To increase the sensitivity of the spectrometer as well as the Lamb-dip effect, the radiation path was doubled (see Dore et al. 1999) . A general description of the spectrometer can be found in Cazzoli & Dore (1990b) and Colmont et al. (2005) , while the experimental set up for the sub-Doppler resolution spectroscopy was described in some previous papers (see, for example, Cazzoli et al. 2002 Cazzoli et al. , 2003 . Therefore, in the following we only report the main details of the present investigation. The millimeter-and submillimeter-wave sources employed were either frequency multipliers driven by Gunn diode oscillators or Gunn diodes themselves. The frequency modulation, employed to improve the signal-to-noise ratio (S/N), was obtained by sinewave modulating the 73 MHz local oscillator of the synchronization loop at 1.666 kHz. A liquid He-cooled InSb detector was used, and its output was processed by means of a Lock-in amplifier tuned at twice the modulation frequency, so that the second derivative of the natural line profile was recorded.
For the Doppler-limited measurements, a tripler followed by another tripler (RPG GmbH) guided by a Gunn diode was used as THz frequency source, whose radiation power is on the whole 10-40 μW. A complete account of the spectrometer can be found in Cazzoli & Puzzarini (2006) and Cazzoli et al. (2008) . The detector employed was a liquid He-cooled Ge bolometer. As for the millimeter-/submillimeter-wave spectrometer, in order to improve the S/N, the frequency-modulation technique (with second harmonic detection) was employed, which was obtained by sine-wave modulating at 333 Hz the 80 MHz local oscillator of the synchronization loop. For both Lamb-dip and THz measurements, the frequency sources were phase-locked to a Rubidium frequency standard.
All measurements were carried out at room temperature employing commercial isotopically enriched samples (DCOOH: 98%, HCOOD: 98%) without any further purifications. To minimize the dip widths as much as possible and to avoid pressure frequency-shift effects, the Lamb-dip measurements were carried out at pressures of 0.4-1.0 mTorr. To further improve the resolution, the source power was adequately reduced. The modulation depth used was adjusted in the range of 5-42 kHz according to the experimental conditions and the transition under consideration. Higher values of pressure (i.e., 25-75 mTorr) and modulation depth (i.e., 1.35-1.8 MHz) were used for the Doppler-limited measurements in the THz regime. The accuracy of the retrieved frequency values was estimated to be 0.5 kHz when the Lamb-dip technique was employed and 50 kHz for the Doppler-limited measurements.
HYPERFINE STRUCTURE OF THE ROTATIONAL SPECTRUM
While the analysis of the Doppler-limited measurements is expected to be straightforward thanks to the spectroscopic parameters available in the literature (Lattanzi et al. 2008) , the hyperfine structure (hfs) of the rotational spectra of DCOOH and HCOOD deserves a few remarks.
For both molecules, the hfs is solely due to the deuterium and hydrogen nuclei. The most important interaction is the coupling between the nuclear quadrupole moment of deuterium and the electric-field gradient at the same nucleus (quadrupole coupling). Furthermore, the end-over-end rotation of the molecule generates a weak magnetic field that interacts with the hydrogen magnetic moment (spin-rotation interaction). The deuterium nucleus also exhibits spin-rotation interaction, but the latter only causes small frequency shifts in the hyperfine components and does not lead to further splittings in the spectrum. Finally, the dipolar spin-spin interaction should be considered. However, based on the theoretical predictions, obtained as explained in the next section, only the deuterium quadrupole coupling and the hydrogen spin-rotation interaction lead to effects that are experimentally observable. These are well illustrated in Figure 1 for the J = 27 3,24 ← 27 3,25 rotational transition of HCOOD, which is split into a doublet due to the deuterium quadrupole coupling (blue curve) and further split by the hydrogen spin-rotation interaction (red curve).
For the Hamiltonian required to describe and analyze the rotational spectra of DCOOH and HCOOD and their hyperfine structures, the reader is referred to our previous works on HCOOH and DCOOD (Cazzoli et al. 2010b (Cazzoli et al. , 2011 .
COMPUTATIONS
As the Lamb-dip technique allows us to resolve the hyperfine structure of the rotational spectra of DCOOH and HCOOD, determination of the relevant hyperfine parameters by means of quantum-chemical computations is useful for spectral predictions and analysis of the results. A detailed description of the theoretical background for the computations can be found in Puzzarini et al. (2010) . Here, we only note that the quantities of interest for the present investigation are the electric-fieldgradient tensor at deuterium, the spin-rotation tensors of both hydrogen and deuterium, and the dipolar spin-spin coupling tensor. All quantum-chemical calculations were performed at the coupled-cluster (CC) level by consideration of single and double excitations (CCSD) augmented by a perturbative treatment of triple excitations (CCSD(T)) (Raghavachari et al. 1989 ). Dunning's correlation-consistent core-valence cc-pCVnZ basis sets (Dunning 1989; Woon & Dunning 1995) , with n = T, Q, 5, 6, were used and all electrons were correlated. The CFour program package (2009) 3 was employed for all the calculations performed.
The computations of equilibrium values of the hyperfine parameters were carried out using the semi-experimental equilibrium geometry of formic acid reported in Demaison et al. (2007) . The electric-field gradients as first-order properties were computed by means of CC analytic-gradient techniques (Watts et al. 1992 ) and converted to the quadrupole-coupling tensor (see Puzzarini et al. 2010 ) using the deuterium quadrupole moment, 2.860(15) mbarn, taken from Pyykkö (1992) . The spin-rotation tensor was calculated using analytic second-derivative techniques (Gauss & Stanton 1996 , 1997 , Stanton & Gauss 2000 thereby using perturbation-dependent basis functions, i.e., the so-called rotational London atomic orbitals . Finally, as the dipolar spin-spin coupling tensor is entirely determined by the molecular geometry, its determination does not require any quantum-chemical calculation. To account for zeropoint vibrational effects, the corresponding corrections were evaluated by means of second-order vibrational perturbation theory (VPT2; see Mills 1972) as described in Auer et al. (2003) and Puzzarini et al. (2010) . The required harmonic force field was computed in a fully analytic manner (Gauss & Stanton 1997) , while the cubic force field and the property derivatives were obtained using a mixed numerical-analytic approach (Stanton & Gauss 2000; Stanton et al. 1998 ). These calculations were carried out at the CCSD(T)/cc-pCVTZ level of theory.
ANALYSIS AND RESULTS
For both isotopologues, the Lamb-dip spectra were analyzed by determining the transition frequencies either by means of a fit of the experimental data points to a parabolic function or by means of a line-profile analysis (see Cazzoli & Dore 1990a) . The former was employed in most cases, while the latter was used in the case of distorted dips. The retrieved frequencies were found to be well reproducible, i.e., within 0.5 kHz. For this reason, the latter value was also taken as a conservative estimate for the experimental uncertainty. In the case of Dopplerlimited measurements, the frequencies were obtained by fitting the experimental data points to a parabolic function and the experimental uncertainty (50 kHz) was estimated on the basis of the S/N. Figures 2 and 3 provide representative examples for the THz spectra. Portions of b Q bands at ∼1.046 THz for HCOOD and at ∼1.069 THz for DCOOH, respectively, are shown there. In both cases, the good S/N is evident. On the whole, a total of 224 and 188 distinct frequency lines with J (K a ) up to 51(51) and 50(49) were assigned for DCOOH and HCOOD, respectively. They are given in the supplementary material, together with the corresponding residuals (obs. − calc.) of the fit described below.
For both molecules, the retrieved frequency values were included in least-squares fits in which each frequency line was weighted proportionally to the inverse square of its experimental uncertainty. The fits were carried out with the SPCAT/SPFIT program (Pickett 1991 ) using the A-reduced Watson Hamiltonian (Watson 1977) in the I r representation. The spectroscopic parameters of DCOOH and HCOOD are collected in Tables 1  and 2 (first column in both cases), respectively, where they are also compared to the most recent literature data (Lattanzi et al. 2008, second column) . From this comparison it is seen that in the present work for both isotopic species rotational constants and some centrifugal-distortion constants have been improved. The improvement is roughly one order of magnitude and mainly due to the higher accuracy of the transitions Lattanzi et al. (2008) , Baskakov (1996) , Bellet et al. (1971) , and Kukolich (1969 recorded up to ∼600 GHz by means of the Lamb-dip technique. In the case of HCOOD the present investigation, carried out up to 1.05 THz, allowed to determine one additional centrifugaldistortion constant, i.e., l JK , in comparison to the previous work by Lattanzi et al. (2008) , who recorded transitions up to 1.2 THz (Table 1) . For DCOOH the present study up to 1.43 THz enabled the determination of additional high-order centrifugal-distortion constants; in particular, almost all octic, two decadic, and one dodecadic centrifugal-distortion constants were derived for the first time (Table 2) . However, concerning l KJ , it should be noted that this parameter was not included in the fit for DCOOH, as it turned out to be poorly determined by the available set of frequencies, and its inclusion worsened the values of all the other octic centrifugal-distortion constants as well as the rootmean-square (rms) error of the fit. Tables 1 and 2 also report the determinable hyperfine parameters. As previously mentioned, these are the deuterium quadrupole-coupling constants and the hydrogen spin-rotation constants. While these parameters are discussed later in more detail together with a comparison to the computational predictions, we note here that the present study is essentially the first that reports their determination. In fact, in the literature only the diagonal deuterium quadrupole-coupling constants of HCOOD were reported (Ruben & Kukolich 1974 ) and these were redetermined with improved accuracy in this work. For both DCOOH and HCOOD, global fits including all data available in the literature (Lattanzi et al. 2008; Baskakov et al. 1999; Baskakov 1996; Bellet et al. 1971; Ruben & Kukolich 1974; Kukolich 1969) were carried out. The present fits can be considered a further improvement with respect to those reported by Lattanzi et al. (2008) . As before, these are weighted least-squares fits using Watson's A-reduced Hamiltonian in the I r representation (Watson 1977) . Some transition frequencies from the literature were excluded from the fits because of residuals exceeding the applied cutoff criterion of three times the measurement error. The results are collected in Tables 1 and 2 for DCOOH and HCOOD, respectively. For DCOOH, a total of 732 distinct frequency lines were included in the fit and we note an overall agreement with our spectroscopic parameters collected in the first column of Table 1 . For HCOOD, a total of 655 distinct 
Notes.
a Fit including all rotational transition frequencies available: This work, Lattanzi et al. (2008) , Baskakov et al. (1999) , Bellet et al. (1971) , and Ruben & Kokolich (1974 frequency lines were fitted, which allowed us to determine two additional octic centrifugal-distortion constants, L J and l J , with respect to our previous fit (first column of Table 2 ). As for DCOOH, an overall agreement is observed. Finally, a detailed discussion of the hyperfine parameters of DCOOH and HCOOD is warranted. In Table 3 , the experimental values determined in the present work are compared to the corresponding computed values; in addition, we also list the theoretical values for those hyperfine parameters which could not be experimentally determined. While all off-diagonal elements cannot be determined without observing rather large second-order effects in the spectra, the computed data in Table 3 reveal that the non-determinable parameters are around or smaller than 1 kHz. A closer inspection of the data reveals good agreement between theory and experiment. In fact, in almost all cases the agreement is better than the stated experimental uncertainties. However, a few further comments are warranted with respect to the hydrogen spin-rotation constants as, due to their small magnitude, C bb and C cc are poorly determined by the fit of experimental data. Values with good accuracy are only determined when fixing their ratio to C aa to the computed value (see Table 3 ; Fit I). In the case of HCOOD, inclusion of the frequencies of the hf components of the J = 1 0,1 → 0 0,0 transition from Ruben & Kukolich (1974) 4 allows an independent determination of C bb , but, as seen from Table 3 (Fit II), such a procedure affects the value of C aa and leads to a less reliable value. This is evident from the given error estimate but also from a comparison with the theoretically predicted value for C aa . The latter and all the other values should be considered rather reliable, as based on our previous experience (see for example, Puzzarini et al. 2010; Cazzoli et al. 2009 Cazzoli et al. , 2010a Cazzoli et al. , 2010b Cazzoli et al. , 2011 almost quantitative estimates can be obtained from CCSD(T) calculations using large basis sets (quintuple-or sextuple-zeta sets) corrected for vibrational effects. The inclusion of the latter is essential for reaching high accuracy, as in the present case they amount to 6%-10% for deuterium quadrupole coupling and hydrogen spin-rotation tensors and thus are far from negligible.
CONCLUDING REMARKS
The spectroscopic parameters obtained for DCOOH and HCOOD as well as their hyperfine parameters are a further Notes. a C bb and C cc determined by fixing their ratio with respect to C aa to the theoretical value. b Equilibrium deuterium quadrupole-coupling constants at the CCSD(T)/cc-pCV6Z level; equilibrium spin-rotation constants at the CCSD(T)/cc-pCV5Z level; vibrational corrections at the CCSD(T)/cc-pCVTZ level. c C cc determined by fixing its ratio with respect to C bb to the theoretical value. d Ruben & Kukolich (1974) .
example of our successful strategy for obtaining accurate and reliable high-frequency predictions, which can be used for instance to support the Herschel and SOFIA missions. In fact, we present spectroscopic constants that can be used for predicting rotational transitions up to 3 THz (2.5 THz for HCOOD) with an accuracy in most cases better than 100-200 kHz by combining highly accurate (<1 kHz) sub-Doppler measurements in the millimeter-and submillimeter-wave regions and rather accurate (50 kHz) THz measurements. As mentioned above, the former allowed to determine rotational and quartic centrifugaldistortion constants to high accuracy, whereas the latter were essential to obtain high-order centrifugal-distortion constants. Furthermore, based on the unprecedented high sensitivity of ALMA, we are confident that the accurate hyperfine components as well as parameters determined in the present study will turn out to be useful for investigating hyperfine splittings in astronomical observations. A last comment concerns the quantum-chemical calculations. We note that the present work is further evidence of the importance of the support that theory can provide to experimental investigations in predicting spectra and guiding their analysis.
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